Abstract Store-operated Ca 2+ entry (SOCE) is an important Ca 2+ influx pathway in many non-excitable and some excitable cells. It is regulated by the filling state of intracellular Ca 2+ stores, notably the endoplasmic reticulum (ER). Reduction in [Ca 2+ ] ER results in activation of plasma membrane Ca 2+ channels that mediate sustained Ca 2+ influx which is required for many cell functions as well as refilling of Ca 2+ stores. The Ca 2+ release activated Ca 2+ (CRAC) channel is the best characterized SOC channel with welldefined electrophysiological properties. In recent years, the molecular components of the CRAC channel, long mysterious, have been defined. ORAI1 (or CRACM1) acts as the pore-forming subunit of the CRAC channel in the plasma membrane. Stromal interaction molecule (STIM) 1 is localized in the ER, senses [Ca 2+ ] ER , and activates the CRAC channel upon store depletion by binding to ORAI1. Both proteins are widely expressed in many tissues in both human and mouse consistent with the widespread prevalence of SOCE and CRAC channel currents in many cells types. CRAC channelopathies in human patients with mutations in STIM1 and ORAI1 are characterized by abolished CRAC channel currents, lack of SOCE andclinically-immunodeficiency, congenital myopathy, and anhydrotic ectodermal dysplasia. This article reviews the role of ORAI and STIM proteins for SOCE and CRAC channel function in a variety of cell types and tissues and compares the phenotypes of ORAI1 and STIM1-deficient human patients and mice with targeted deletion of Orai and Stim genes. [117] . SOCE has been observed in a variety of non-excitable and excitable cells including lymphocytes (reviewed in [36] ), pancreatic acinar [86] , vascular endothelial [1] , and smooth muscle cells [4, 83, 112] (reviewed in [102] ). SOCE is initiated by agonist binding to different types of cell surface receptors including tyrosine kinase and G protein coupled receptors that mediate activation of phospholipase C resulting in the production of inositol 1,4,5-triphosphate (InsP 3 ). InsP 3 binds to the InsP 3 receptor in the ER membrane resulting in the release of Ca 2+ from ER stores. In vitro, passive depletion of intracellular Ca 2+ stores is often used to initiate SOCE by preventing Ca 2+ re-uptake into the ER using sarcoplasmic/ endoplasmic reticulum ATPase (SERCA) pump inhibitors such as thapsigargin or cyclopiazonic acid or by facilitating Ca 2+ efflux from the ER with Ca 2+ ionophores. The prototypical store-operated Ca 2+ channel is the Ca 2+ release activated Ca 2+ (CRAC) channel, first characterized in greater detail in mast cells and T cells of the immune system by whole cell patch clamp recordings [53, 162] . Its activity has since been identified in many other cells types as well (reviewed in [101, 102] . CRAC channel currents are defined by a set of characteristic features which include an extremely high selectivity for Ca 2+ over monovalent cations, low single-channel conductance (<1 pS), lack of significant voltage-dependent gating, inwardly rectifying current-voltage relationship, rapid Ca 2+ -dependent inactivation, blockade by submicromolar La 3+ , and modulation by 2-Aminoethoxydiphenyl borate (2-APB; reviewed in [102, 113] ). The molecular nature of the CRAC channel has long been a mystery, and many candidate genes have been proposed, most prominently members of the large family of transient receptor potential (TRP) channels. TRPV6 (CaT1) for instance was shown to share a number of properties such as Ca 2+ selectivity and the sequence of divalent permeability with the CRAC channel [145, 158] and was briefly considered a part of the CRAC channel complex. Other properties of TRPV6, particularly the fact that it is constitutively open and not store-operated, however, do not match those of the CRAC channel; in addition, RNAi knockdown of TRPV6 had no effect on I CRAC and SOCE in mast cells [62] . Other TRP channels such as TRPC1, TRPC3, and TRPC6 were reported to be activated by store depletion under certain conditions (reviewed in [102] ), although they are generally considered to be storeindependent [25] and activated by second messengers generated by phospholipase C activity such as diacylglycerol [140] . Furthermore, TRPC channels are nonselective Ca 2+ permeable ion channels, a fact that is hard to reconcile with the strong Ca 2+ selectivity of the CRAC channel. While therefore unlikely to be involved in CRAC channel function, TRPC proteins may contribute to SOCE in some tissues as will be discussed further below. In the past years, research on CRAC channels and SOCE has focused on a new family of molecules, the recently discovered ORAI proteins. These represent tetraspanning plasma membrane proteins unrelated to other ion channels. The role of ORAI proteins for SOCE, CRAC channel function, and CRAC channelopathies will be discussed in detail in the following sections.
Equally mysterious as the molecular nature of the CRAC channel remained the gating mechanism of store-operated Ca 2+ channels. In the past, a number of mechanisms have been proposed postulating conformational coupling, a soluble calcium influx factor [14] and secretion/fusion of channelcontaining vesicles with the plasma membrane (reviewed in [102] ). Dramatically new and significant insight has been gained with the discovery of stromal interaction molecule (STIM) 1 as an essential regulator of SOCE in a development paralleling that of the discovery of ORAI1 as the CRAC channel [73, 121] . STIM1 controls SOCE by sensing [Ca 2+ ] ER and by translocating to the plasma membrane where it activates ORAI1 CRAC channels [70] as well as TRPC channels [156] .
This review will focus on the consequences of impaired SOCE and CRAC channel function due to mutations in ORAI1 and STIM1 in human patients and gene-targeting of Orai1 and Stim1 in mice. The phenotypes associated with ORAI1 and STIM1 deficiency (here collectively termed CRAC channelopathies) will be described. In addition, the review will discuss some of the important roles of SOCE in other tissues that are emerging from molecular and genetic studies of ORAI1 and STIM1.
ORAI1 and STIM1 as essential mediators of CRAC channel function
The field of SOCE and CRAC channel research has seen a sea change with the discovery of STIM1 and ORAI1 in 2005 and 2006, respectively [40, 73, 121, 143, 160] . Both molecules have since been investigated in great detail on the molecular level for their role in CRAC channel function and in vivo as essential components of SOCE in a variety of tissues (for detailed reviews on ORAI and STIM1, see [118, 119] and other articles in this special issue of Immunological Reviews).
ORAI1
ORAI1 (also called CRACM1, TMEM142a) is the founding member of a new class of ion channels that is structurally unrelated to other calcium channels except its paralogues ORAI2 (or CRACM2, TMEM142b) and ORAI3 (CRACM3, TMEM142c). ORAI1 was identified as olf186-F in RNAi screens in Drosophila S2 cells for regulators of Ca 2+ signaling and NFAT activation [40, 143, 160] and as hypothetical protein FLJ14466 by positional cloning as the gene mutated in immunodeficient patients with defects in CRAC channel function [40] . The human and Drosophila genes were renamed ORAI1 and dOrai, respectively, after the Orai (hours)-the keepers of heaven's gate-in Greek mythology [131] . The human ORAI1 gene consists of only two exons and encodes for a highly conserved 301 amino acid protein with a tetraspanning plasma membrane topology and intracellular N-and C-termini. A negatively charged glutamate residue, E106, in the first transmembrane domain of ORAI1 was identified by several labs as a putative Ca 2+ binding site in the ion channel pore because charge-neutral substitution of E with D interfered with the high Ca 2+ selectivity of the CRAC channel (P Ca /P Na ≈1,000) without affecting the channels' expression or gating properties [114, 141, 153, 155] .
The composition stochiometry of the CRAC channel was proposed to be a tetramer of four ORAI1 subunits based on fluorescence photobleaching experiments [60, 108] , biochemical analysis [108] , and a study using concatenated multimers of wild-type and mutant ORAI1 [85] . In a variation of the tetramer model, Penna et al. found that ORAI1 exists predominantly as a dimer in the plasma membrane under resting conditions but forms tetramers after store depletion [108] . It is assumed that in the functional multimeric channel complex, each ORAI1 subunit contributes a glutamate residue (E106) for coordinated Ca 2+ binding in the CRAC channel pore. Indeed, recent evidence from cystein scanning mutagenesis suggests that the first transmembrane alpha-helix of ORAI1 containing E106 lines the CRAC channel pore [84] .
Research into the properties of ORAI1 CRAC channels has been facilitated greatly by the fact that ectopic expression of ORAI1 together with STIM1 results in Ca 2+ currents with properties almost identical to I CRAC but with amplitudes ∼tenfold to 100-fold larger than native CRAC currents recorded in Jurkat T cells or and HEK293 cells [107, 127] , depending on absolute expression levels and the ratio of ORAI1/STIM1 expression [126] . Co-expression with STIM1 has also enabled studying the function of ORAI2 and ORAI3, which-like ORAI1-are tetraspanning membrane proteins. Both form Ca 2+ channels when ectopically expressed together with STIM1 and show electrophysiological properties similar to native I CRAC and the large CRAC channel currents observed following ORAI1/STIM1 overexpression [26, 74] . They differ, however, in their activation and inactivation kinetics, monovalent permeation, and responses to 2-APB, which at 50 μM inhibits native I CRAC and ORAI1/STIM1-mediated Ca 2+ currents but potentiates ORAI3/STIM1 currents [74] . Whether these differences are due to intrinsic properties of ORAI1, ORAI2, and ORAI3 channels or features resulting from ectopic expression of these genes remains unclear at this point, as the properties of endogenous ORAI2 and ORAI3 have not yet been defined. Information on the contribution of ORAI2 and ORAI3 to SOCE in vivo is likewise missing despite their apparent expression in multiple tissues and organs [37, 49] . Of note is the inability of ORAI2 to restore SOCE in cells lacking ORAI1, whereas ORAI3 expression resulted in partial reconstitution [49, 82] .
Stromal interaction molecule (STIM) 1 STIM1 is essential for SOCE by functioning both as the sensor of [Ca 2+ ] ER and activator of CRAC channels in the plasma membrane. STIM1 was initially identified as a putative tumor suppressor named GOK, which is highly expressed in skeletal muscle but absent in rhabdomyosarcoma where its expression induces cell death [104, 123] , and as SIM, a protein that promotes proliferation of pre-B cells [97] . STIM1-and its paralogue STIM2-was characterized as a phosphorylated transmembrane protein containing multiple protein domains by Dziadek et al. (Fig. 1) , but a connection between STIM1 and SOCE was not made at the time [81, 147] . STIM1 was identified as an essential regulator of SOCE in two limited RNAi screens for modulators of Ca 2+ signaling in which depletion of STIM1 robustly decreased SOCE [73, 121] .
STIM1 is a single-pass transmembrane protein that is localized predominantly in the ER membrane, although expression in the plasma membrane has also been reported [81, 128, 148] . Protein domains in STIM1 include a pair of ER lumenal low-affinity EF hand calcium-binding domains required for sensing [Ca 2+ ] ER , a sterile alpha motif (SAM), two coiled-coil (CC) domains, as well as serine/proline and lysine-rich regions at the C terminus ( Fig. 1) [147] . Depletion of Ca 2+ from the ER results in dissociation of Ca 2+ from the EFh domains, unfolding of the adjacent EF-SAM domains, and multimerization of STIM1 (Fig. 2) [20, 129, 130] . Multimerization is a prerequisite for the subsequent translocation of STIM1 to ER-plasma membrane junctions where it accumulates and forms large clusters conventionally called puncta [72, 77] . ORAI1-recruited into these clusters in a STIM1-dependent mannermediates localized Ca 2+ influx at sites of puncta formation [72, 78, 151] . Multimerization, puncta formation, and activation of SOCE can be initiated also by mutating the Ca 2+ binding aspartate or glutamate residues in the EFh domain of STIM1 [73] or by functionally replacing the N terminus of STIM1 with an artificial inducible proteinprotein binding domain [77] . STIM1 is likely to directly bind to ORAI1 based on biochemical and fluorescence resonance energy transfer experiments [21, 88, 90, 155] .
Under physiological conditions, STIM1 activates SOCE following ER Ca 2+ store depletion. Intriguingly, expression of the C terminus of STIM1 alone also resulted in CRAC channel activation in the absence of puncta formation [56] suggesting that the non-ER restricted soluble C terminus of STIM1 can multimerize, translocate to the plasma membrane, and bind to and activate CRAC channels. A ∼99-108 aa fragment of the STIM1 C terminus, alternatively termed CRAC channel activation domain (CAD) [103] , STIM1 Orai activating region (SOAR) [157] , Orai1 activating small fragment (OASF) [87] , or coiled-coil fragment b9 (CCb9) [63] , encompassing the second coileddomain is sufficient to bind to ORAI1 and activate it. The CRAC channel activating fragment of STIM1 was shown to bind to ORAI1 involving an N-terminal domain just proximal of the first transmembrane alpha-helix of ORAI1 and a C-terminal CC domain (Fig. 1) [63, 103, 157] (reviewed in [34] ). The CRAC activating STIM1 domain is flanked by a ∼40 aa inhibitory domain that restricts binding of the activation domain to ORAI1 [63, 87] 69, 89] in conjunction with calmodulin binding to the N terminus of ORAI1 (Fig. 1) [89] . From the currently available data, it can be hypothesized that under resting conditions (i.e., replete Ca 2+ stores), binding of the STIM1 activation domain to ORAI1 is restricted by the STIM1 inhibitory domain. Upon store depletion and dissociation of Ca 2+ from the N-terminal EFh domain, STIM1 multimerization, and putative conformational changes in the C terminus of STIM1, the inhibitory domain is released allowing binding of the CRAC channel activation domain of STIM1 to ORAI1 (Fig. 2) .
It is of note that STIM1 is involved not only in the regulation of ORAI1 CRAC channels but also TRP channels, as it was shown to bind to and activate TRPC1 and other Ca 2+ permeable TRPC family members [56, 71, 100, 159] . The cytoplasmic C terminus of STIM1 and a polybasic domain at its very end are required for activation of TRPC1 and TRPC3 [56, 159] . STIM1 binding to TRP channels and its role in recruiting TRPC into lipid rafts and STIM1 puncta [5, 100] influx and activation of the transcription factor NFAT resulting in impaired cytokine gene expression [95] . STIM2 therefore is a positive regulator of SOCE and has partially overlapping functions with STIM1.
CRAC channelopathies in ORAI1 and STIM1-deficient human patients and mice
The role of SOCE and CRAC channel function in vivo is illustrated by the phenotypes of human patients lacking expression of functional ORAI1 or STIM1 and mice with [84] . Putative Ca 2+ -binding glutamate and aspartate residues (E106, D110, and D112) [114, 141, 155] , a calmodulin binding domain (CBD) [89] , a coiled-coil domain (CC) containing a leucine residue (L273) critical for STIM1 binding [88] , and a glycosylation site in the second extracellular loop (N223) [49] are shown. Mutations affecting ORAI1 function or protein expression in human patients are indicated in red (for details, see text) [40, 82] . b STIM1 contains an N-terminal Ca 2+ binding EF hand domain and a sterile alpha motif (SAM) both of which are localized in the ER; the cytoplasmic C terminus comprises two coiled-coil (CC), a serine/proline rich (S/P), and a polybasic lysine-rich (K) domain. A minimal CRAC channel binding and activation domain (alternatively termed CRAC channel activation domain (CAD), STIM1 Orai activating region (SOAR), Orai1 activating small fragment (OASF), and coiled-coil fragment b9 (CCb9) [63, 87, 103, 157] and an adjacent CRAC modulatory domain (CMD) [28, 69, 89] are shown. The position of a frameshift nonsense mutation abolishing STIM1 expression in human patients is indicated in red (for details see text) [110] targeted deletion of Orai1, Stim1, and Stim2 genes. While extremely rare, human ORAI1 and STIM1-deficient patients offer important insight into the function of both genes in vivo.
ORAI1-deficient human patients
Patients from three unrelated families suffering from immunodeficiency due to mutations in ORAI1 have been reported [39, 40, 42, 68, 82, 105] . In the first family, a defect in store-operated Ca 2+ influx and CRAC channel function was observed in infants suffering from a rare form of immunodeficiency due to strongly impaired T cell activation but normal T cell development. SOCE was undetectable in T cell lines established from the patients in response to T cell receptor stimulation or passive store depletion with ionomycin or the SERCA inhibitor thapsigargin [39] . The defect in SOCE was not limited to T cells but was also observed in (EBV-transformed) B cells and fibroblasts of the patients. Ca 2+ release from intracellular stores was normal in all patient cell types investigated suggesting that the defect is downstream of store depletion and either in the CRAC channel itself or mechanisms influencing Ca 2+ influx such as K + channels responsible for a negative membrane potential and providing the driving force for Ca 2+ influx. Patch clamp measurements of patients' T cells, however, failed to detect CRAC channel activity at negative membrane potentials under whole cell recording conditions [42] . I CRAC was absent in both Ca 2+ containing and divalent free extracellular bath solution, indicating that both Ca 2+ and Na + conductance through the CRAC channel is abolished in immunodeficient patients' T cells [42] . The CRAC channel defect severely compromises T cell activation resulting in impaired T cell proliferation, cytokine production, and global gene expression [39] .
Positional cloning in the patients' family led tocombined with a genome-wide RNAi screen in Drosphila [20, 130] . STIM1 translocates to sections of the ER juxtaposed to the plasma membrane and into large STIM1 clusters (puncta). It binds directly to ORAI1 via a minimal calcium release activated calcium (CRAC) channel binding and activation domain (green box) [63, 87, 103, 157] that interacts with binding sites in the N and C terminus of ORAI1 (green and yellow ovals; see Fig. 1 ). STIM1 binding opens ORAI1 CRAC channels-here shown as a tetramer [60, 85, 108] -and recruits ORAI1 into puncta that coincide with localized Ca 2+ influx [70] S2 cells-the identification of ORAI1 as a CRAC channel subunit and a mutation in ORAI1 as the cause for immunodeficiency [40] . Patients are homozygous for a missense mutation in exon1 of ORAI1 that results in substitution of a highly conserved arginine residue with tryptophan at position 91 (R91W) of ORAI1 protein (Fig. 1A ) [40] . Located at the beginning of the first transmembrane domain of ORAI1, the R91W mutation allows for normal ORAI1 expression in the plasmamembrane but abolishes CRAC channel function and SOCE (Fig. 3B) [39, 40] . The mechanism by which the R91W mutation interferes with CRAC channel function is not entirely clear. Mutant ORAI1-R91W is expressed and can interact with STIM1 [90] . The mutation is likely to interfere with opening of ORAI1 CRAC channels by stabilizing the closed channel configuration since substitution of R91 with hydrophobic but not charged or neutral amino acid residues was shown to effectively abolish CRAC channel function (S. Feske unpublished) [27] .
Defects in SOCE have been reported previously in patients from two additional, unrelated families who also suffered from severe immunodeficiency in early infancy [68, 105] . In a second family, SOCE and CRAC channel function were absent in T cells isolated from peripheral blood of one patient. A complete defect in SOCE and I CRAC was observed independent of the stimulus used. Neither active store depletion by crosslinking the TCR with anti-CD3 antibodies or including InsP3 in the patch pipette nor passive depletion with thapsigargin or ionomycin was able to evoke I CRAC in the patient's T cells [105] . By contrast, release of Ca 2+ from internal stores recorded in the absence of external Ca 2+ was normal. The gene defect in these patients remained unresolved due to the unknown genetic identity of the CRAC channel at the time. We have now identified an insertion mutation in ORAI1 in these patients that causes a frame shift beginning at amino acid residue A88 and premature termination of ORAI1 at position 112 (ORAI1-A88EfsX25) at the end of the first transmembrane domain (Figs. 1A and 3C) [82] . The mutation results in abolished ORAI1 mRNA and protein expression consistent with absent CRAC channel function. It is of note that I CRAC was abolished in both freshly isolated T cells from this patient lacking ORAI1 expression and T cell lines from patients with ORAI1-R91W mutation [40] , indicating that ORAI1 is the predominant CRAC channel subunit in both naive human T cells and antigen-experienced human T cell lines.
A lack of SOCE was also reported in a patient from a third family unrelated to those described above [68] . Ca 2+ influx in T cells from this patient was severely impaired following TCR crosslinking and passive depletion of Ca 2+ stores with thapsigargin even under conditions when the membrane potential was clamped to −60 mV to exclude a defect in the T cells' membrane potential. In addition to T cells, SOCE was abolished in other hematopoietic cell lineages such as B cells, neutrophils, and platelets as well as fibroblasts. We have now identified two missense mutations in exon 2 of ORAI1 in this patient that lead to the substitution of an alanine with glutamate (A103E) and a leucine with proline (L194P) in the first and third transmembrane domains of ORAI1, respectively (Figs. 1A and 3C) [82] . Both mutations interfere with stable protein expression, as no endogenous ORAI1 protein was detected in the patient's fibroblasts and in HEK293 cells ectopically expressing the ORAI1 mutants [82] . While the patient is compound heterozygous for both mutations and lacks ORAI1 expression completely, his parents, both healthy, are heterozygous carriers and have normal SOCE even at low [Ca 2+ ] o (0.2 mM) [82] indicating that monoalleleic expression of ORAI1 is sufficient to sustain normal SOCE.
In summary, mutations in ORAI1 from three unrelated families have been reported that abolish ORAI1 expression or function and as a consequence CRAC channel activity. The clinical phenotype associated with ORAI1 deficiency will be discussed below.
STIM1-deficient human patients
SOCE is severely impaired in cells from patients of a fourth family who suffer from combined immunodeficiency. Store depletion with thapsigargin failed to induce Ca 2+ influx even in the presence of 20 mM [Ca 2+ ] o and despite normal release of Ca 2+ from ER stores. In contrast to the patients described above, no mutations in ORAI1 (or ORAI2 and ORAI3) were found. Instead, mRNA and protein expression levels of STIM1 were strongly reduced or undetectable in the patients' cells consistent with the observed pronounced defect in SOCE (Fig. 3D) [110] . Patients from this family are homozygous for an insertion mutation in STIM1 that results in a frameshift starting at position E128 of STIM1 protein and its premature termination at position 136 (E128RfsX9) (Fig. 1B) [110] . SOCE in the patient's cells could be restored by expression of STIM1; interestingly, ectopic expression of STIM2 partially rescued SOCE suggesting that both genes have overlapping functions. Endogenous expression levels of STIM2, however, were not sufficient to compensate for the lack of STIM1 and prevent immunodeficiency. The clinical phenotype associated with STIM1 deficiency in human patients, as will be discussed in more detail below, is very similar to that of ORAI1 deficiency, suggesting that both genes act in the same pathway and are critical for SOCE in the same tissues.
Orai1-and Stim1-deficient mice
Additional and important insight in the role of ORAI and STIM family proteins in vivo comes from ORAI1, STIM1, and STIM2-deficient mice that have been generated by several labs using homologous recombination or insertional mutagenesis approaches for gene-targeting [7, 17, 50, 95, 132, 138, 142] . While some tissue-specific phenotypes will be discussed in the next sections, the most notable difference between human ORAI1-and STIM1-deficient patients and their animal counterparts is the severe perinatal lethality observed in mice (Table 1) . Human patients lacking ORAI1 or STIM1 succumb to immunodeficiency in their first years of life, whereas ORAI1 and STIM1-deficient mice die perinatally of unknown causes [7, 17, 50, 95, 132, 138, 142] . Similar severe neonatal lethality was observed in ORAI1 knock-in mice expressing a nonfunctional ORAI1-R93W protein (S Feske unpublished) [11] . The penetrance of the perinatal lethality seems to depend on the genetic background as intercrossing STIM1 and ORAI1-deficient mice generated on the C57Bl/6 background to the outbred ICR strain partially rescued survival [50, 95] ; about one third of Orai1 −/− mice survived for more than 90 days showing a ∼25-30% reduction in body-weight [50] . Partial survival was also observed in STIM1 and ORAI1-deficient mice generated by insertional mutagenesis on a mixed genetic background, with ∼60% of ORAI1-deficient mice dying shortly after birth and the remaining pups being severely runted and dying ∼4 weeks post partum [17] . The cause of death in STIM1 and ORAI1-deficient mice remains unknown but has been suggested to be due to defects in skeletal muscle differentiation and/or function [132] and respiratory failure [7] .
Immune dysfunction in ORAI1 and STIM1 deficiency
Immunodeficiency in both ORAI1-and STIM1-deficient patients is characterized by recurrent severe infections with viral, bacterial, mycobacterial, and fungal pathogens resulting in repeated episodes of, for instance, pneumonia, meningitis, and gastroenteritis (Table 1) treated by HSCT. Two of six ORAI1-deficient patients (one ORAI1-R91W and one ORAI1-A103E/L194P patient) and one of three STIM1-deficient patients were treated successfully by HSCT. The remaining four patients with mutations in ORAI1 died of infections in their first year of life despite treatment with antibiotics and intravenous immunoglobulins [68, 82, 105] ; two patients with STIM1 mutations died at 1.5 and 9 years from infections and complications of HSCT [110] . In addition to immunodeficiency, all STIM1 and one of the ORAI1-deficient patients showed signs of lymphoproliferative disease and autoimmunity [82, 110] . Lymphoproliferation in patients was characterized by lymphadenopathy and splenomegaly. Autoimmunity in STIM1-deficient patients manifested through autoimmune thrombocytopenia and hemolytic anemia [110] and autoimmune neutropenia and thrombocytopenia in one patient lacking ORAI1 expression [82] . An important cause of autoimmunity in patients lacking STIM1 is the reduced number of CD4 +
Foxp3
+ regulatory T cells (T reg ). This population of T cells is required for suppression of autoreactive T cells, maintenance of immunological tolerance, and prevention of autoimmunity. A similar lymphoproliferative phenotype is observed in mice lacking STIM1 [13] or both STIM1 and STIM2 expression (Stim1 f/f Stim2 f/f CD4-Cre) [95] . Similar to a patient lacking STIM1 expression, STIM1/STIM2 doubledeficient mice have severely reduced numbers of T reg cells which, in addition, display a defect in suppressive function [95] (for a more detailed discussion, see [37, 94] ).
ORAI1 and STIM1-deficient mice show compromised immune functions in vitro and in vivo similar to patients with mutations in ORAI1 and STIM1, although mice do not succumb to immunodeficiency when kept under pathogen free conditions (Table 1) [7, 17, 50, 95, 142] (reviewed in more detail in [37, 94] ). Because of the perinatal lethality associated with lack of ORAI1 or STIM1 in mice, immune function was studied either in conditionally gene-targeted mice with T cell specific deletion (Stim1 fl/fl CD4-Cre) [95] , mice from destruction of platelets and red blood cells by phagocytosis in animal models of autoimmune thrombocytopenia and hemolytic anemia [16] . This finding is in contrast to STIM1-deficient patients who suffered from autoimmune thrombocytopenia and hemolytic anemia [110] . The reasons for this discrepancy are unclear but may be due to differential requirements for SOCE in mouse and human macrophage function.
In summary, SOCE mediated by STIM1 and ORAI1 has been demonstrated to be important for the function, but not the development of several types of immune cells including T cells, B cells, mast cells, and macrophages. More functions of SOCE in immunity in both health and disease will undoubtedly emerge from the study of ORAI-and STIM-deficient mice in the future.
Nonimmune phenotypes in ORAI1 and STIM1 deficiency
STIM1-and ORAI1-deficient human patients also suffer from, in addition to immunodeficiency, congenital myopathy and ectodermal dysplasia with anhydrosis (EDA). This combination of symptoms associated with defective CRAC channel function is unique and constitutes a novel disease entity. It is important to note that the clinical phenotypes of ORAI1-and STIM1-deficient patients described in this and the previous section largely overlap, indicating that ORAI1 and STIM1 are the predominant mediators of SOCE in the same tissues and that STIM1 mainly regulates ORAI1 function.
Myopathy
Myopathy in ORAI1-and STIM1-deficient patients becomes apparent soon after birth as global, nonprogressive muscular hypotonia with reduced muscle strength and endurance (Table 1) [82] . In ORAI1-deficient patients, it initially manifested through insufficient head control and general reduction in muscle tone [82, 105] . In the two patients surviving after HSCT myopathy is characterized by delayed ambulation, reduced walking distance, and a positive Gowers' sign. In addition, both patients suffer from chronic pulmonary disease due to respiratory muscle insufficiency and retention of bronchial secretion resulting in a predisposition to recurrent chest infections and bronchiectasis [82] . A muscle biopsy from a patient with ORAI1-R91W mutation showed variations in muscle fiber size with a predominance of type I fibers and atrophic type II fibers suggesting a defect in fast twitch muscle fiber differentiation in the absence of functional ORAI1. Other structural abnormalities characteristic of congenital myopathies were not observed. A clinically similar nonprogressive global muscular hypotonia with partial iris hyoplasia was also observed in all three patients lacking STIM1 expression, although a muscle biopsy revealed no abnormalities [110] . Electromyograms in both ORAI1-and STIM1-deficient patients were normal. These findings suggest that SOCE mediated by ORAI1 and STIM1 is required for the differentiation and/or function of human skeletal muscle.
The myopathy in patients is consistent with a defect in skeletal muscle development and function observed in STIM1-deficient mice which was suggested to cause their perinatal lethality [132] . Morphologially, the myopathy in Stim1 −/− mice is characterized by reduced muscle crosssectional area and mitochondriopathy. We observed a similar if less pronounced myopathy in mice transgenic for the nonfunctional ORAI1-R93W mutant (S. Feske, unpublished) [11] . The myopathy in human patients and gene-targeted mice is consistent with the robust expression of both ORAI1 and STIM1 in human and mouse skeletal muscle [50, 82, 142, 147] and colocalization of STIM1 with ryanodine receptor (RyR) 1 at the junction of plasma membrane T-tubules with the terminal cisternae of the sarcoplasmic reticulum (SR) [132] . Contraction of skeletal muscle fibers requires Ca 2+ release from the (SR) through RyR, which are coupled to voltage-gated dihydropyridine receptors in the plasma membrane. Released Ca 2+ is quickly taken back up into the SR and muscle fibers can theoretically twitch for hours in the absence of extracellular Ca 2+ without an apparent need for refilling of SR stores with Ca 2+ from the outside. Nevertheless, SOCE was shown to exist in skeletal muscle and participate in refilling of depleted SR Ca 2+ stores [67] . Impaired SOCE in mice lacking mitsugumin 29 (mg29), a protein located at the junction between SR and plasmamembrane in skeletal muscle, resulted in accelerated depletion and impaired refilling of SR Ca 2+ stores under conditions of continuous stimulation of cells by depolarization [99] . Based on studies in mg29 -/-mice, mg29 and SOCE were suggested to be dispensable for short-term excitation-contraction but required for long-term Ca 2+ homeostasis and fatigue resistance due to the role of mg29 in SR store refilling [99] . SOCE in primary cultures of murine skeletal myotubes was shown to be mediated by STIM1 and ORAI1 [80, 132] , and myotubes from STIM1 deficient have severely impaired SOCE [132] . Consistent with the proposed role of SOCE in store refilling and longterm Ca 2+ homeostasis, skeletal muscle isolated from STIM1 deficient mice showed reduced tetanic force and fatigued rapidly upon repeated stimulation [132] . In addition to its role in muscle fiber function, SOCE was shown to be required for differentiation of human myoblasts from isolated satellite cells, the stem cells of adult skeletal muscle [24] . Taken together, SOCE mediated by STIM1 and ORAI1 emerges to have a somewhat unexpected but important role in skeletal muscle function and development that is consistent with the myopathy observed in human patients and mice.
Anhydrotic ectodermal dysplasia (EDA)
Patients lacking STIM1 expression and the two surviving ORAI1-deficient patients suffer from EDA characterized by a defect in dental enamel formation (Table 1) [82, 110] and, in ORAI1-deficient patients, impaired sweat production or anhydrosis [82] . Ectodermal dysplasias constitute a large group of inherited disorders that are characterized by defects in ectodermal-derived tissues such as skin and skin appendages including hair, nails, teeth, and sweat glands and that can be caused by a variety of genetic defects [58, 111] . In the case of ORAI1-and STIM1-deficient patients, other symptoms often found in ectodermal dysplasias such as sparse scalp hair and eyebrows or nail defects were not observed except in one patient with facial dysmorphy [82] . EDA with immunodeficiency has been observed in some patients with defective activation of the transcription factor NF-κB due to mutations in the genes for NF-κB essential modulator (NEMO) or IκBα [23, 31, 59, 161] . Myopathy is missing in these patients in contrast to ORAI1/STIM1-deficient patients, and the cellular defects underlying immunodeficiency in both patient groups differ (reviewed in [37, 116] ). Taken together, the EDA phenotype in patients lacking STIM1 or ORAI1 suggests that SOCE plays an important role in the development and/or function of certain ectodermal-derived tissues such as sweat glands and teeth.
Dental enamel
Dental enamel of decidous and permanent teeth in ORAI1-and STIM1-deficient patients is severely dysplastic due to hypocalcification resulting in use-dependent loss of the soft enamel layer and exposure of the underlying dentin [82] . This condition, called hypocalcified amelogenesis imperfecta, is not unique to ORAI1 and STIM1 deficiency and has been linked to mutations in genes encoding the extracellular matrix proteins amelogenin and enamelin [54, 150] . More recently, a form of autosomal recessive hypocalcified amelogenesis imperfecta was identified that is caused by mutations in a gene of unknown function. FAM83H is expressed in ameloblasts and features an Nterminal transactivation domain suggesting that it may serve as a transcription factor [65] . Dental enamel is formed by ameloblasts, specialized columnar epithelial cells that form tight junctions and generate a barrier against the enamel extracellular space enriched in enamel proteins and calcium. Ameloblasts secrete enamel-forming proteins such as amelogenin, enamelin, and ameloblastin and regulate Ca 2+ transport into the enamel extracellular space where it is incorporated into densely packed calcium hydroxyapatite crystals [57] . The cellular and molecular mechanisms underlying this Ca 2+ transport are poorly understood. Several mechanisms have been suggested including paracellular Ca 2+ transport through tight junctions between ameloblasts or transcellular Ca 2+ transport through the cytoplasm and the ER of ameloblasts, respectively (reviewed in [57] ). The transcellular route involves Ca 2+ uptake at the basal membrane and apical Ca 2+ release, potentially through plasma membrane Ca 2+ ATPases [57] . For transport via the cytoplasm, Ca 2+ was proposed to bind to cytosolic Ca 2+ handling proteins such as calbindin to buffer intracellular free Ca 2+ . Alternatively, Ca 2+ could be shuttled from the basal to the apical pole of the ameloblast through the ER given the ∼10 4 higher [Ca 2+ ] in the ER than the cytoplasm and its high Ca 2+ buffering capacity. In this model, SOCE may play an important role for Ca 2+ influx at the basal side of the cell. Direct experimental evidence for such a role of SOCE is missing. A paradigm for vectorial transport in polarized cells exists in pancreatic acinar cells in which SOCE and STIM1 puncta formation occur predominantly at the basolateral membrane [79, 86, 109] where they are involved in refilling of ER Ca 2+ stores. By contrast, Ca 2+ release from the ER and its delivery into the extracellular space via IP 3 R and plasma membrane Ca 2+ pumps, respectively, occurs at the apical pole of acinar cells [109] . The defect in dental enamel formation in ORAI1-and STIM1-deficient patients provides an important clue that SOCE may be required for directed Ca 2+ transport by ameloblasts in the dental enamel.
Sweat glands
Lack of functional ORAI1 in human patients is associated with pronounced anhydrosis in tests of sweat gland function, dry skin, and heat intolerance with recurrent fever suggesting that ORAI1 plays an important role for SOCE in eccrine sweat glands [82] . Skin biopies to distinguish between a developmental and functional defect were not available, but ORAI1 expression was observed in eccrine sweat gland cells from healthy individuals [82] . Ca 2+ influx in eccrine sweat glands has long ago been recognized to be required for secretion [115, 124] . SOCE was described to occur at the basolateral membrane of equine epithelial sweat gland cells, and its inhibition resulted in attenuated anion secretion [66] . A defect in thermoregulation found in anhydrotic ORAI1-deficient patients has not been observed in Orai1 −/− or Stim1 −/− mice, most likely because in rodents, eccrine sweat glands are localized in the footpads of the paws only [64] and are not significantly involved in thermoregulation [146] . Taken together, the EDA phenotype in human patients points to a nonredundant role for ORAI1 and STIM1 in SOCE in ectodermal-derived tissues including teeth and eccrine sweat glands.
Platelet function Ca 2+ influx is required for activation of platelets and their function in hemostasis and thrombosis [139] . Ca 2+ influx occurs in response to agonists such as subendothelial collagen, thrombin, or ADP released from activated platelets [139] . Several Ca 2+ signaling mechanisms are present in platelets and involve receptor operated Ca 2+ entry (ROCE) and SOCE. ROCE in platelets is mediated by TRPC6 and the purinergic receptor P2X1 [51, 52, 98] . The contribution of SOCE to platelet activation and the nature of the store-operated Ca 2+ channel have remained controversial. Recent studies in mice show that SOCE in platelets is mediated by STIM1 and ORAI1 and that this pathway is essential for platelet activation in vitro and thrombus formation in vivo [11, 17, 46, 138] . Gene-targeted mice lacking STIM1 or ORAI1 [17, 138] and those homozygous for the mutant Orai1-R93W gene [11] showed greatly reduced platelet Ca 2+ influx in response to physiological agonists such as thrombin or collagen. While platelet numbers were normal in ORAI1-and STIM1-deficient mice, platelet activation was severely impaired resulting in compromised thrombus formation in vitro [11, 17, 138] . Importantly, platelet aggregation was also impaired in Orai1 −/− and Stim1 −/− mice in vivo in several models of pathological thrombus formation. Mice with attenuated SOCE in platelets were protected from severe ischemic brain infarction compared to wild-type controls in the middle cerebral artery occlusion (MCAO) model [17, 138] . Bleeding times in ORAI1 and STIM1-deficient mice [11, 17, 138] and human patients [82, 110] , by contrast, were only moderately prolonged or normal, and patients lacked signs of an enhanced bleeding diathesis.
The thrombocytopenia observed in all STIM1-and one ORAI1-deficient patient is caused, as discussed above, by autoantibodies directed against platelet surface antigens and is not an intrinsic defect in platelet development or viability. Collectively, these findings indicate that ORAI1 and STIM1 are essential mediators of SOCE in platelets and that they are required for platelet function in vivo.
ORAI1 and STIM1 function in tissues not apparently affected in patients and mice SOCE and CRAC channel function have been observed in many non-excitable cells outside the immune system as well as some excitable cell types (reviewed in [102] ). These include epidermoid A431 cells [76] , epithelial tumor cell lines from colon and prostate [92, 137] [144] gland, and certain cell types in the central nervous system (CNS) such as microglia [93] or cultured hippocampal pyramidal neurons [8] . This widespread prevalence of SOCE and CRAC channel currents is paralleled by the almost ubiquitous expression of both STIM1 and ORAI1 in a large variety of cell types and tissues [37, 49, 82, 97, 142, 147] . Abundant levels of STIM1 mRNA were found in skeletal muscle, heart, platelets, and the CNS [32, 46, 132] . ORAI1 mRNA is detected in spleen, thymus, lung, liver, kidney, heart, pancreas, and skeletal muscle of human and mice [49, 55] . Immunohistochemical analysis of ORAI1 protein expression at the cellular level reveals a similar near ubiquitous distribution of the CRAC channel subunit in many cell types including keratinocytes, eccrine sweat glands, skeletal muscle, hepatocytes, lung alveolar pneumocytes, pancreatic acinar, and islets cells [82] , as well as vascular endothelium, kidney tubules, and secretory epithelia of several exocrine glands such as pancreas, salivary gland, breast, and prostate ( Fig. 4 and Table 2 ). Interestingly, no significant ORAI1 expression was detected in cardiomyocytes and the CNS.
Given the widespread prevalence of SOCE and expression of ORAI1 and STIM1 in many cell types, it is surprising to find only a limited spectrum of disease in human patients with mutations in either gene. The lack of other obvious symptoms does not preclude a role for SOCE or even ORAI1 and STIM1 in these tissues but suggests that other store-operated or non-store-operated Ca 2+ channels function in these tissues that compensate for a lack of ORAI1 and STIM1. A role for both molecules may only emerge under pathophysiological conditions under which lack of SOCE exerts either a protective effect or exacerbates the disease phenotype. A good example is the important function of STIM1 and ORAI1 in mouse platelets during thrombus formation [11, 17, 138] . Additional roles for ORAI1 and STIM1 in SOCE and CRAC channel function have recently been demonstrated in cell types that are not obviously affected in human patients or mice.
Vascular endothelial cells
ORAI1 protein is readily detectable in the vascular endothelium of arteries and venules (Fig. 4a, b and Table 2 ). This finding is consistent with the description of SOCE in endothelial cells isolated from human umbilical cord (HUVEC) [96] , bovine pulmonary artery [106] , or bovine aorta [136] [44] . By contrast, siRNA-mediated silencing of TRPC1 or TRPC4 had no effect on SOCE in HUVEC cells [1] . The arguments for a role of ORAI1 and TRPC proteins in SOCE in endothelial cells are intriguing, and it is possible that both contribute to SOCE in these cells [10] , potentially explaining the lack of a vascular phenotype in human patients lacking STIM1 or ORAI1 function.
Vascular smooth muscle cells SOCE has also been demonstrated in vascular smooth muscle cells (VSMC), where it is involved in vascular tone, VSMC proliferation, and blood vessel integrity [22, 45] . In these cells, SOCE co-exists with voltage-dependent and voltage-independent Ca 2+ influx pathways (reviewed in [47] ). Recent studies suggest that SOCE in VSMCs from rat aorta and pulmonary artery is mediated by STIM1 and ORAI1 [75, 112] . RNAi silencing of either gene effectively reduced SOCE and CRAC channel currents in response to store depletion or hypoxia and impaired proliferation and migration of VSMC. By contrast, knockdown of TRPC1, TRPC4, or TRPC6 had no effect on SOCE [112] . Similar observations were made in VSMC isolated from aorta and cerebral arteries of Trpc1 −/− mice in which SOCE was normal, whereas RNAi-mediated knockdown of STIM1 inhibited thapsigargin-induced Ca 2+ influx [30] . These findings are in contrast however to a number of studies which showed that TRPC1 is important for SOCE in VSMC [19, 91, 133, 152] . An important role for STIM1 in VSMC function, namely, proliferation and neointima formation in vivo, was demonstrated in a rat carotid artery balloon injury model in which knockdown of STIM1 significantly suppressed neointimal hyperplasia [6, 48] . In one of the studies, the effect of STIM1 silencing on VSMC function was attributed, however, to inhibition of TRP channels rather than ORAI1 [6] . In fact, STIM1 was shown to be involved not only in the regulation of ORAI1 but also to bind to and activate TRPC1 and other TRPC channels following ectopic expression [56, 71, 100, 149, 156, 159] . The relative contributions of TRPC and ORAI channels for SOCE in vascular endothelial and smooth muscle cells still need to be worked out. Collectively, the recent data discussed above illustrate an emerging role for STIM1 and ORAI1 in blood vessel function.
SOCE, ORAI1, and STIM in disease
As demonstrated by the role of ORAI1 and STIM1 in platelets discussed earlier, the importance of SOCE in some tissues may become apparent only under pathological conditions. Lack of STIM1 or ORAI1 in gene-targeted mice prevented pathological thrombus formation and limited the extent of thromboischemia in several models of thrombosis [17, 138] . The role of ORAI1 and STIM1 in platelets together with that in vascular endothelial cells and smooth muscle discussed above portends a potentially important role of SOCE in the pathophysiology of cardiovascular diseases. In addition, lack of STIM2, Tissue expression of ORAI1 was determined by immunohistochemical analysis of tissue samples from healthy donors using an anti-ORAI1 antibody (for details, see [82] ). The table is a compilation of data from several tissue microarrays and tissue samples including those shown in Fig. 4 ND not detected recently demonstrated to be required for SOCE in murine cortical neurons, protected mice from neuronal damage after cerebral ischemia [12] . Another example for the role of STIM1 and ORAI1 under pathological conditions is the reported role of both molecules-and by extension SOCE and CRAC channel function-for the migration and metastasis of breast cancer cells in mice [154] . Suppression of ORAI1 or STIM1 expression by RNAi or SOCE with a pharmacological inhibitor (SKF96365) decreased tumor metastasis. This finding is in contrast, however, to the initial identification of STIM1 as a putative tumor suppressor linked to rhabdomyosarcoma [104, 123] . While the role of ORAI1 and STIM1 in colitis has not been addressed directly, a recent study using pharmacological suppression of CRAC channel function showed reduced inflammatory cytokine expression in laminar propria mononuclear cells isolated from patients with inflammatory bowel disease, suggesting that SOCE is required for activation of autoreactive T cells [29] . Additional roles for SOCE, ORAI, and STIM in the pathophysiology of disease are likely to emerge from the study of animal models and tissue samples from human patients.
Concluding remarks
CRAC channels, long defined solely by their functional, i.e., electrophysiological, properties are now being redefined through their molecular components, namely, proteins of the ORAI and STIM families. Information on the molecular function of these proteins in ectopic expression systems and under native conditions in specific cell types with regard to SOCE, CRAC channel function, and cellular physiology is rapidly emerging. In parallel, the role of ORAI1, STIM1, and CRAC channels in vivo is becoming more clear with the identification of the first human patients with CRAC channelopathy due to mutations in ORAI1 and STIM1 and studies in mice with targeted deletion of Orai1, Stim1, and Stim2. CRAC channelopathy in human patients is restricted to defects in immunity, skeletal muscle, and ectodermal-derived tissues despite the observation of SOCE in many tissues and cell types and the near ubiquitous expression of ORAI1 and STIM1. Their absence may be compensated for by ORAI2, ORAI3, and STIM2, respectively, in those tissues and cell types in which these paralogues are expressed. In addition, other Ca 2+ permeable channels such as TRPCs that were shown to function in a store-operated manner under certain conditions and some of which are gated by STIM1, may compensate for the lack of STIM1 and ORAI1 as well. The phenotypes of ORAI1-and STIM1-deficient patients, however, are remarkably similar suggesting that STIM1 is predominantly responsible for the gating of ORAI1 CRAC channels.
Studies in ORAI1-and STIM1-deficient mice have revealed additional roles for SOCE mediated by ORAI1/ STIM1 in vivo that may become clear only under pathological conditions, for instance, during thrombus formation [17, 138] or tumor cell metastasis [154] . Despite the limitations of animal models in predicting human physiology (given for instance the severe perinatal lethality in ORAI1-and STIM1-deficient mice but not humans), they will provide invaluable information about the role of CRAC channels in vivo. 
